Abstract
INTRODUCTION
Liver fibrosis is the most clinically relevant consequence of chronic liver diseases. It is characterized by the activation of hepatic stellate cells and the excessive accumulation of extracellular matrix [1] . Advanced fibrosis results in cirrhosis, portal hypertension and liver failure, and often requires liver transplantation [2] [3] [4] [5] . On the other hand, liver fibrosis represents the wound healing response to liver injury due to a variety of etiologies [6, 7] . Recently, increasing attention has been focused on the homeostatic and beneficial effects originating from fibrotic liver. Convincing evidence has shown that fibrosis results in increased liver resistance to subsequent acute insults, thus protecting hepatocytes against various toxic stimuli [8] [9] [10] . However, the mechanisms governing this hepatoprotection are largely unexplored.
Hepatic macrophages have central roles in maintaining homeostasis in the liver as well as in the pathogenesis of acute or chronic liver injury [11] . Macrophages are pleiotropic cells that assume diverse functions. The microenvironmental milieu is a key determinant of macrophage function during tissue inflammation [12] . Macrophages can undergo "classical" M1 activation when exposed to lipopolysaccharide (LPS), and interferon-gamma (IFN-γ) or "alternative" M2 activation when exposed to interleukin (IL)-4/ IL-13 [13] [14] [15] . M1-and M2-like macrophages exhibit distinct signatures and fulfill different functions. Kupffer cells (KCs), the resident macrophages in the liver, play pivotal roles in the progression and resolution of liver fibrosis [16] . Recently, KCs have been reported to exert a protective effect against tumor necrosis factor (TNF)-α-induced hepatocyte apoptosis [9] . Nevertheless, whether and how KC activation is involved in injury resistance in the setting of liver fibrosis is poorly understood.
HMGB1 is a ubiquitous protein present in the nucleus of most mammalian cells. HMGB1 has diverse functions which depend on its cellular localization. In the intracellular compartment, HMGB1 participates in gene transcription, DNA replication, and DNA repair. To function as a damage-associated molecular pattern (DAMP), HMGB1 can translocate from nucleus to cytoplasm and is subsequently released into the extracellular milieu. This process is implemented by two principal means: active secretion by innate immune cells (e.g., macrophages) after hyperacetylation or passive release from necrotic cells. Extracellular HMGB1 activates pro-inflammatory signaling pathways by ligation of pattern recognition receptors including the receptor for advanced glycation end products or Toll-like receptor 4, leading to severe damage in multiple liver diseases [17] [18] [19] .
As a biomarker of liver injury, HMGB1 is superior to serum alanine transferase (ALT) levels at identifying acetaminophen-induced acute liver injury and elevated HMGB1 in acute liver failure correlates well with poor outcome [20, 21] . In the present study, we investigated the roles of KCs, KC activation, and HMGB1 in the pathogenesis of acute injury in the setting of liver fibrosis, and hypothesized that activated KCs in fibrotic liver protected against acute insult by inhibiting the translocation of HMGB1. We present herein evidence that liver fibrosis protects mice against D-GalN/LPS challenge and that M2-like KCs in fibrotic liver may exert a protective effect by inhibiting the translocation of HMGB1, a potent pro-inflammatory mediator.
MATERIALS AND METHODS

Animals and treatments
Male BALB/c mice (6-8-wk-old) were obtained from the Laboratory Animal Center, Academy of Military Medical Sciences, Beijing, China. The animal protocol was designed to minimize pain or discomfort in the mice. Mice were housed in a specific pathogen-free environment at 22-24 ℃ in a 12-h light-dark cycle. Animals were fed standard laboratory chow with free access to water. All animal care and experimental procedures performed in this study were in accordance with the guidelines for experimental animals approved by the Animal Care and Use Committee of Capital Medical University, China.
Mice were treated as follows: (1) induction of fibrosis: BALB/c mice received an intraperitoneal injection of carbon tetrachloride (CCl4) in mineral oil, twice weekly, for 6 wk. The initial dose of CCl4 was 0.2 μL/g (2%), and the dose was gradually increased up to 3 μL/g (30%); and (2) acute challenge: Control and fibrotic mice received intraperitoneal injection of a lethal dose of hepatic toxins (1 mg/g D-GalN + 50 ng/g LPS; Sigma-Aldrich, St Louis, MO, United States). Sera and liver tissues were harvested 24 h after acute injury for analysis. A portion of the liver was fixed in 10% neutral-buffered formalin for histological analysis and immunostaining. The remaining liver was cut into pieces and snap-frozen for homogenization to extract total liver RNA.
Evaluation of liver injury
Serum ALT levels were measured using a multiparameteric analyzer (AU 5400; Olympus, Tokyo, Japan) according to an automated procedure. Formalinfixed liver tissues were embedded in paraffin, sectioned and stained with hematoxylin-eosin for light microscopy.
Isolation of hepatic non-parenchymal cells and KCs
Hepatic non-parenchymal cells (NPCs) were isolated from mice by collagenase digestion and differential centrifugation using a previously reported method with some modifications [22] . Briefly, in situ perfusion was applied through the portal vein and superior vena cava with 0.9% NaCl followed by DMEM/F12 (Gibco, Grand Island, NY, United States) containing 0.5% Pronase (Roche Diagnostics GmbH, Mannheim, Germany) and DMEM/F12 containing 0.04% type Ⅳ collagenase (Sigma-Aldrich). The liver was then harvested, excised and digested with DMEM/F12 containing 10 μg/mL DNase (Sigma-Aldrich). Digested livers were passed through a 70 μm cell strainer (BD Falcon, Franklin Lakes, NJ, United States). The filtrate was centrifuged and washed. The pellets were re-suspended in DMEM (Hyclone, Logan, UT, United States), and then overlaid onto a Percoll (Amersham Pharmacia Biotechnology, Buckinghamshire, United Kingdom) gradient (40%-70%), and centrifuged at 1100 × g for 20 min. NPCs were collected from the interface for further purification.
To purify KCs, the liver NPC suspension was further overlaid onto the Percoll gradient (25%-50%), and centrifuged at 1800 × g for 30 min. The KC-enriched NPCs in the interface were harvested and washed. The isolated KCs were then cultured in DMEM medium containing 10% fetal bovine serum (Hyclone) and 1% penicillin-streptomycin (Sigma-Aldrich) in a humidified chamber at 37 ℃ with 5% CO2. Following incubation for 2 h, the unattached cells were gently removed. The remaining adhered cells were further cultured for 24 h, and the phenotype of KCs was characterized by realtime PCR.
Reverse transcription and SYBR Green real-time quantitative PCR
Total RNA was extracted from isolated KCs using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer's instructions. Reverse transcription of the purified RNA (2.5 μg) was performed using random primers and the AMV retrotranscriptase system (TakaRa, Dalian, Liaoning, China) according to the manufacturer's protocol. SYBR Green real-time PCR was carried out using the ABI StepOne Plus (Applied Biosystems, Foster City, CA, United States). All reactions were performed in triplicate. In a final reaction volume of 20 μL, the followings were added: 1× SYBR Green (TakaRa), cDNA, 0.5 mmol/L of each primer, and ROX. The reaction conditions were as follows: 50 ℃ (2 min), 95 ℃ (5 min), followed by 40 cycles at 95 ℃ (15 s) and 60 ℃ (30 s). The primers used were designed with Primer 3.0 software and are listed in Table 1 . The relative expression of target genes was calculated and normalized to the expression of the housekeeping gene GAPDH.
Treatment of isolated KCs with LPS or HMGB1 peptide
KCs isolated from control and fibrotic mice were cultured in DMEM medium for 24 h. The KCs were then treated with LPS (10 ng/mL) or HMGB1 peptide (FKDPNAPKRLPSAFFLFCSE) (30 μg/mL; SBS Genetech Co, Ltd, Beijing, China) for another 20 h. Translocation of HMGB1 in KCs was analyzed by immunofluorescence staining.
Immunofluorescence staining
Frozen liver sections (or KCs) were fixed with 4%
Statistical analysis
Results were expressed as mean ± SE of the values obtained. Group comparisons were performed using one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison test. Statistics and graphs were generated using Prism 5.0 software (GraphPad Software Inc, San Diego, CA, United States). P < 0.05 was considered statistically significant. The statistical methods used in this study were reviewed by Dr. Jun-Feng Li from the First Affiliated Hospital of Lanzhou University, Lanzhou, China.
RESULTS
Inhibition of HMGB1 expression is accompanied by injury resistance in the setting of liver fibrosis
We first assessed hepatic injury in control and fibrotic mice with or without acute insult. As shown in Figure 1 , the D-GalN/LPS challenge triggered a sharp increase in serum ALT levels in control mice, which corresponded well with the pathological findings. In contrast, fibrotic mice showed marked resistance to the same insult. In particular, hepatic damage was significantly alleviated in fibrotic mice following the D-GalN/LPS challenge compared with control mice treated in the same way, as shown by improved hepatic histology and reduced serum ALT levels ( Figure 1A and B). HMGB1, a potent and classic pro-inflammatory mediator, was induced in acutely injured mice. However, the expression of HMGB1 was markedly inhibited in fibrotic mice, even under acute challenge ( Figure 1C ). These findings suggest that liver fibrosis protects mice against acute insult, which is accompanied by inhibition of HMGB1 expression.
Kupffer cells may be involved in HMGB1-related injury resistance in the setting of liver fibrosis
Kupffer cells are involved in the progression and resolution of liver fibrosis. Recently, KCs have been documented to possess protective effects against hepatocyte apoptosis. In light of this finding, we hypothesized that KCs are involved in HMGB1-related injury resistance in the setting of liver fibrosis. To explore this hypothesis, we analyzed the expression and distribution of KCs and HMGB1 in fibrotic liver paraformaldehyde for 30 min at room temperature. Slices (or KCs) were treated with 0.2% Triton X-100 for 5 min. The slices (or KCs) were then incubated with Tris-buffered saline (TBS) containing 5% fetal bovine serum for 30 min. 
HMGB1 immunohistochemical staining
After deparaffinization and rehydration, the embedded liver sections were treated with 3% H2O2 for 15 min, followed by microwave antigen retrieval for a further 15 min in citrate buffer. The nonspecific proteins were blocked with 10% goat serum for 30 min. For HMGB1 staining, the specimens were incubated with a rabbit anti-mouse HMGB1 monoclonal antibody (Abcam, Cambridge, MA, United States) overnight at 4 ℃, followed by 30 min incubation with horseradishperoxidase-conjugated goat anti-rabbit secondary antibody (Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China). The sections were incubated with diaminobenzidine as a chromogenic substrate and counterstained with hematoxylin, dehydrated, and stabilized with mounting medium. Images were captured using an Olympus Bx51 microscope (Olympus America, Melville, NY, United States) and CellSens standard 1.4.1 software.
Animal care and use statement
All animal care and experimental procedures performed in this study were in accordance with the guidelines for experimental animals approved by the Animal Care and Use Committee of Capital Medical University, China. 
by immunofluorescent staining. F4/80, a surrogate marker of KCs, was found to be co-localized with Col-1, supporting the key function of KCs in the pathogenesis of hepatic fibrosis (Figure 2) . Interestingly, the colocalization of F4/80, HMGB1 and Col-1 was also found in fibrotic liver (Figure 2 ), which indicated functional interactions among KCs, the injury mediator HMGB1, and hepatic fibrosis. Thus, KCs may be involved in HMGB1-related injury resistance in the setting of hepatic fibrosis.
Kupffer cells in fibrotic liver exhibit a predominant M2-like activation
We next sought to answer the question of how do KCs function in HMGB1-related injury resistance in the setting of liver fibrosis? It has been well established that macrophages are heterogeneous, and their functional plasticity is driven by microenvironmental signals which shape their properties through a wide spectrum of phenotypes [23, 24] . Thus, we characterized the phenotype of KCs by their representative markers. KCs were isolated from the livers of normal, acutely injured and fibrotic mice, and M1 and M2 gene signatures were then determined by quantitative realtime PCR. Fibrosis triggered marked up-regulation of M2 markers, including CD206, CCL17 and YM-1. However, macrophages from the acutely injured liver showed no increase or a moderate increase in these M2 signatures (Figure 3 ). On the other hand, iNOS, a marker of M1 activation, was substantially induced in KCs isolated from the acutely injured liver, but remained unchanged in KCs from the fibrotic liver ( Figure 3) . Therefore, KCs in fibrotic mice exhibit a predominantly M2-like phenotype.
Translocation of HMGB1 is inhibited in M2-like KCs following LPS or HMGB1 peptide stimuli
How do M2-like KCs and HMGB1 orchestrate injury resistance in the setting of hepatic fibrosis? We speculated that M2-like KCs in fibrotic liver may prevent the translocation of HMGB1 upon acute challenge, thereby hampering its critical function as a DAMP. To confirm our speculation, the translocation of HMGB1 was analyzed in KCs isolated from control and fibrotic mice and treated with LPS or HMGB1 peptide. Both LPS and HMGB1 peptide elicited the translocation of intranuclear HMGB1 in KCs isolated from control mice (Figure 4) . Interestingly, HMGB1 was localized in the nucleus of the majority of M2-like KCs isolated from fibrotic liver. Importantly, neither LPS nor HMGB1 peptide elicited the translocation of HMGB1 in M2-like KCs (Figure 4) . Collectively, our in vitro data demonstrated that the translocation of HMGB1 was inhibited in M2-like KCs upon acute insult.
DISCUSSION
In the present study, we found that liver fibrosis protects mice against D-GalN/LPS challenge, and M2-like KCs in fibrotic liver may exert a protective effect by inhibiting the translocation of HMGB1, a crucial pro-inflammatory mediator. Our findings may provide a potential explanation for the mechanism of injury resistance in the setting of liver fibrosis.
The deleterious effects resulting from liver fibrosis, including cirrhosis, liver failure and hepatocellular carcinoma, are widely accepted. Recent studies have reported the hepatoprotective effects conferred by liver fibrosis. In a mouse model of partial bile duct ligation (PBDL), injured ligated lobes exhibited improved tolerance to TNF-α-and Fas-induced hepatocyte apoptosis, compared with non-ligated lobes [10] .
Similarly, thioacetamide-induced fibrotic liver was less vulnerable to acute injury [8] .
In the present study, we found that CCl4-induced liver fibrosis conferred significant protection against a lethal challenge with D-GalN/LPS, as shown by improved hepatic histology and reduced serum ALT levels. Importantly, we linked HMGB1 with injury resistance in the setting of liver fibrosis. HMGB1 is an evolutionarily conserved non- histone nuclear protein with abundant expression in most mammalian cells. Recently, HMGB1 was identified as a potent pro-inflammatory mediator. Compared with ALT levels, HMGB1 is more sensitive at identifying acetaminophen-induced acute liver injury [20, 21] . In our study, in comparison with acutely injured liver, the expression of HMGB1 was markedly inhibited in fibrotic liver following acute challenge, which corresponded well with a significant improvement in liver histology. These findings provide powerful evidence for injury resistance conferred by liver fibrosis.
Hepatoprotection in the setting of liver fibrosis is an interesting subject and remains to be fully elucidated. Bourbonnais et al [8] attributed a hepatoprotective response to Col-1 produced during liver fibrosis, which significantly protected hepatocytes against toxic stimuli via activation of ERK1 signaling. The study by Osawa et al [9] specifically addressed the role of KCs in cholestatic liver injury using PBDL mice. They found that KCs reduced liver damage, and induced hepatocyte survival and regeneration. These protective and regenerative effects require activation of AKT in hepatocytes and SphK in HSCs [9] . In the present study, KCs were co-localized with HMGB1 in fibrotic liver, indicating the critical role of KCs in HMGB1-related injury resistance in the setting of hepatic fibrosis.
We then explored the hepatoprotective effect of KCs in fibrotic mice from a new perspective, i.e., the activation phenotype of KCs. Our hypothesis was based on the strong association between the function and phenotype of macrophages, as mentioned in the introduction. According to our data, KCs exhibited a predominantly M2-like phenotype in the context of liver fibrosis, which is in line with the latest report on congenital hepatic fibrosis [25] . Finally, we examined the underlying mechanism concerning the potential protective effect of M2-like KCs on HMGB1-related injury resistance in the setting of hepatic fibrosis. As previously noted, nuclear-cytoplasmic translocation is regarded as a key step in HMGB1 functioning as a DAMP, which in turn, triggers inflammation. Accordingly, we speculated that M2-like KCs may inhibit the translocation of HMGB1 induced by acute insult. Hence, we compared HMGB1 translocation in KCs isolated from control and fibrotic mice challenged with LPS or HMGB1 peptide. Both LPS and HMGB1 peptide triggered the translocation of intranuclear HMGB1 in KCs from control mice. However, the translocation of HMGB1 was markedly inhibited in M2-like KCs, even under acute challenge. These results provide strong support for our hypothesis, that is, M2-like KCs in fibrotic liver may protect against acute insult by inhibiting the translocation of HMGB1, thereby suppressing HMGB1-mediated pro-inflammatory responses and attenuating hepatic injury [26] . Post-translational modification seems to be a critical step in regulation of the translocation and secretion of HMGB1 during inflammatory responses. The acetylation of HMGB1 on lysine residues in response to IL-1β, TNF-α, and LPS is regarded as the most feasible and effective way [27] . A recent study has shown that ligand-activated peroxisome proliferator- activated receptor (PPAR)-δ and PPAR-γ modulate LPSprimed release of HMGB1 through SIRT-mediated deacetylation, which in turn, plays a critical role in the cellular response to inflammation [28] . Whether this modulation occurred in our model requires further investigation. Moreover, we cannot exclude the passive release of HMGB1 by injured hepatocytes, as reported by Kao et al [29] . However, active secretion of HMGB1 by macrophages is also important in the context of fibrosis.
In conclusion, although the current findings are preliminary and may be speculative, our findings may shed new light on the pathogenesis of acute hepatic damage in the setting of liver fibrosis. We will elaborate the mechanisms underlying injury resistance by modulating the polarization and function of hepatic macrophages or by blocking HMGB1 signaling. From a clinical perspective, our study findings may pave the way for the treatment of liver failure, particularly acute-on-chronic liver failure.
COMMENTS
Background
Convincing evidence has shown that fibrosis confers increased liver resistance to subsequent acute insults, thus protecting hepatocytes against various toxic stimuli. The hepatoprotection conferred by liver fibrosis is intriguing and the mechanism of such protection remains to be fully elucidated.
Research frontiers
Kupffer cells (KCs) have been reported to exert a protective effect against hepatocyte apoptosis in cholestatic liver disease, indicating the potential role of KCs in hepatoprotection. Nevertheless, whether and how the phenotype of KCs is involved in injury resistance in the setting of liver fibrosis is poorly understood.
Innovations and breakthroughs
This study showed that liver fibrosis protects mice against D-GalN/ lipopolysaccharide (LPS) challenge, and M2-like KCs in fibrotic liver may exert a protective effect by inhibiting the translocation of HMGB1.
Applications
The findings from this study may provide a potential explanation for the mechanism of injury resistance in the setting of liver fibrosis. From a clinical perspective, these findings may pave the way for the treatment of liver failure, particularly acute-on-chronic liver failure.
Terminology
Macrophages can undergo "classical" M1 activation when exposed to LPS and interferon-γ or "alternative" M2 activation when exposed to interleukin (IL)-4/IL-13. M1-and M2-like macrophages exhibit distinct signatures and fulfill different functions. HMGB1 has diverse functions which depend on its cellular localization. In the intracellular compartment, HMGB1 participates in gene transcription, DNA replication, and DNA repair. To function in a damageassociated molecular pattern, HMGB1 can translocate from the nucleus to the cytoplasm and is subsequently released into the extracellular milieu. Extracellular HMGB1 activates pro-inflammatory signaling pathways by ligation of pattern recognition receptors, leading to severe damage in multiple liver diseases.
